The steroid hormone, la,25-dihydroxyvitamin D3 (calcitriol), has been shown to inhibit T cell proliferation, primarily through inhibition of interleukin 2 (IL-2) production. In these experiments, we show that calcitriol also markedly inhibited production of the lymphokine, gamma interferon (IFN-y), by activated human T lymphocytes. Regulation of both IL-2 and IFN-y production as well as transferrin receptor (TfR) expression by calcitriol was apparent at the messenger RNA (mRNA) level as determined by Northern blotting. The decrease in IL-2 and IFN-'y mRNA that occurred with calcitriol treatment was coordinate and not apparent up to 12 h after phytohemagglutinin stimulation, whereas decreased accumulation of TfR mRNA was not present before 24-36 h. Furthermore, the effects of calcitriol on IL-2, IFN-'y, and TfR mRNA accumulation were specific; actin mRNA accumulation was comparable between control and treated cells. These data indicate that calcitriol regulated proteins associated with T cell activation at the transcriptional level and that these effects were mediated in a specific, coordinate fashion.
Introduction
Recent studies have suggested that la,25-dihydroxyvitamin D3 (calcitriol) can modulate lymphocyte growth and function (1) (2) (3) . Awareness of this immunoregulatory activity of calcitriol was prompted by studies of vitamin D metabolism as well as the demonstration of specific receptors for vitamin D in monocytes and activated lymphocytes (4, 5) . Human pulmonary alveolar macrophages from patients suffering from sarcoidosis have been shown capable of la-hydroxylation, which converts 25-hydroxyvitamin D3 to calcitriol by a metabolic process distinct in its regulation from classical renal metabolism of vitamin D (6) . Local production of calcitriol by macrophages may be sufficient to cause systemic effects even in the absence of renal production ofcalcitriol (7, 8) . Moreover, normal human monocytes and macrophages can be induced by gamma interferon (IFN-7y)' or lipopolysaccharide (LPS) to exhibit I a-hydroxylase activity (9) . These findings, coupled with the discovery ofvitamin D receptors in monocytes and activated, but not resting, T and Please address correspondence to Dr. W. F. C. Rigby, Department of Microbiology, Dartmouth Medical School, Hanover, NH 03756.
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1. Abbreviations used in this paper: IFN-y, gamma interferon; PBMC, peripheral blood mononuclear cells; PHA, phytohemagglutinin; SSC, saline plus 0.015 M sodium citrate, pH 7.0; TfR, transferrin receptors.
B cells suggested that calcitriol may be a macrophage-derived product with immunomodulatory activity. Studies examining this activity have revealed that calcitriol is a potent inhibitor of T cell proliferation and immunoglobulin production (1) (2) (3) . The antiproliferative action ofcalcitriol specifically blocks transition of T cells from early GI (GIA) to late GI (GIB) as well as their acquisition of transferrin receptors (TfR), and appears to be primarily mediated through inhibition of interleukin 2 (IL-2) production (1, 10) . The was then pooled and poly(A)-RNA was isolated as described above. Northern blotting and hybridization with 32P-labeled IL-2 complementary DNA (cDNA) were performed as described above. After hybridization, blots were stripped of 32P-labeled probe by two incubations at 85-90°C for 20-min each in 0. IX SSC that contained 0.01% sodium pyrophosphate and 0.05% Sarkosyl. Blots were subsequently stripped and hybridized with 32P-labeled IFN-y, TfR, and actin cDNA probes.
Results
Effect ofvitamin D compounds on IFN-,y production. The lymphokine IFN-y is produced by activated T cells in response to mitogen or antigen and has a broad range Qf immunoregulatory activity, including mapcrophage activation (14) . Perhaps more relevant has been the demonstration that IFN-'y can regulate macrophage production of calcitriol (6, 9) . Moreover, agents that inhibit the production of IL-2 (glucocorticoids, cyclosporin A) (15, 16) have been shown to also inhibit production of IFN--y (17, 18) . We therefore examined the effect of calcitriol on IFN-'y production by PBMC that were stimulated with PHA for 72 h (Table I) . Calcitriol blocked IFN-'y production in a concentration-dependent fashion. Half-maximal suppression ofimmunoreactive IFN-'y production was observed at calcitriol concentrations of 1 nM, with maximal effect apparent at 10 nM calcitriol. The observed dose-resporse curve is similar to that reported with inhibition of IL-2 production (1, 10). As found in previous work, 25-hydroxyvitamin D3, which binds the vitamin D receptors 100-fold less avidly than calcitriol (19) , was without detectable activity until much higher concentrations (1 mM). These findings demonstrate the specificity ofthis activity of calcitriol and suggest that this inhibition is dependent on ligand binding to vitamin D receptors. We have confirmed these results through bioassay by utilizing the inhibition of viral cytopathic effect on human fibroblasts by IFN-'y (data not shown).
Northern blot analysis ofthe effect ofcalcitriol on T cell activation. To clarify the mechanism of action of calcitriol, we examined its effect on the level of accumulation of mRNA for IL-2 and IFN-y at 20 h after PHA stimulation by using Northern blotting (Fig. 1) . In RNA from PHA-stimulated cells, we observed a 1.0-kb RNA species that hybridized with the 32P-labeled full length IL-2 cDNA probe, which was consistent with the size of (25, 26) , we examined the kinetics ofthe effect ofcalcitriol on the levels of IL-2 and IFN-'y mRNA in lectin-stimulated cells (Figs. 2 and 3) . In this experiment, the level of IL-2 mRNA accumulation was observed to be maximal at 6 h. The level of IL-2 mRNA decreased at 12 h, and slightly increased at 24 h. Calcitriol treatment did not affect the level df accumulation of IL-2 mRNA until 24 h, at which point a progressive reduction in IL-2 mRNA relative to controls was observed. Interestingly, at 6 h, calcitriol slightly but consistently augmented the level of IL-2 mRNA relative to controls, while at 12 h equivalent levels ofIL-2 mRNA were observed. Similarly, no significant inhibitory effect of calcitriol on IFN-y mRNA accumulation was observed before 24 h, after which calcitriol caused a progressive reduction in the levels of IFN-y mRNA. As found with IL-2 mRNA, calcitriol treatment appeared to effect a slight increase in the level of IFN-'y mRNA relative to controls at 6 h, whereas a slight decrease in IFN-'y mRNA first became apparent at 12 h. In a second experiment (Fig. 4) , this biphasic pattern of induction of IL-2 and IFN-,y was more evident, with decreased IL-2 and IFN-'y mRNA accumulation at 12 h relative to that seen at 6 and 24 h. Nevertheless, in each experiment, the inhibition of IL-2 and IFN-y mRNA accumulation observed with calcitriol treatment was not apparent until 12-24 h.
Induction of TfR gene transcription by T lymphocytes has been shown to follow that of IL-2 and IFN-'y (25) , and has been demonstrated to be dependent on IL-2 interacting with its receptor (27 (4, 5) . Consistent -r-* * * * * * with this observation, calcitriol did not inhibit the initial increase in cellular RNA that accompanies early T cell activation (Go-G1A transition) (10) . Rather, calcitriol appeared to specifically inhibit GlA-GlB transition and the acquisition of TfR, both of R 0 0 lIP * I, _ m a which have been shown to be IL-2-dependent events (27) (28) (29) .
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Our findings here illustrate that calcitriol does not significantly e 4. Northern blot analysis of the kinetics of IL-2, IFN-,y, and reduce the level of IL-2 or IFN-y mRNAs for at least the first nRNA induction and its inhibition by calcitriol. PBMC from 6-12 h, whereas TfR mRNA accumulation is not inhibited for lonors were cultured and poly(A)RNA isolated as described in the first 24 h. These observations are consistent with the possiNorthern blotting (7 gg poly[AJ-RNA/lane except at 48 h bility that until vitamin D receptors are induced in T cells, cal-4 pig/lane was used) and hybridizations with IL-2, IFN-', and citriol cannot effect any changes in the level of expression of were performed as described in Fig. 2. these products of T cell activation. Alternatively, vitamin D receptors may be induced quite early (< 6 h) in T cell activation, in these two experiments. Interestingly, at earlier times (6- but the process that regulates the level of IL-2, IFN-y, and TfR in each experiment, it appeared that calcitriol augmented mRNA expression may only become sensitive to the inhibitory Accumulation of TfR mRNA relative to controls. Though action of calcitriol after 6-12 h. Either possibility is consistent ar to observations with IL-2 and IFN-7 mRNA, the increase with our findings that calcitriol blunts, but does not totally ab-R mRNA accumulation in calcitriol-treated cells relative rogate, the production of these lymphokines or the expression ntrol cells seen at 6-12 h (Figs. 2 and 3 ) and 24 h (Fig. 4) of TfU by activated T lymphocytes. nore apparent. The slightly different rates at which the effect The rapid (6 h) induction of most of IL-2 mRNA by PHA Icitriol is noted may be due to donor variation, as different seen in our first experiment is consistent with that previously f donors were used in each experiment. Finally, the selecreported using either the Jurkat cell line or PBMC (21, 30) . This ofthis activity ofcalcitriol was demonstrated by the finding is in contrast to the levels of IL-2 mRNA as measured by Xedespite a significant reduction in the level of IL-2, IFN-'y, nopus laevis oocyte assay, where peak levels of IL-2 production TfR mRNAs with calcitriol treatment, comparable levels were found with mRNA that was obtained 20 h after lectin stimtin mRNA were observed throughout (Figs. 2 and 3) .
ulation (26, 31 effects, since we have observed equivalent sensitivity and kinetics er, the decreased levels ofIL-2 and IFN-'y mRNA expression of each of these T cell subsets to the antiproliferative activity of -ed by calcitriol treatment may be mediated through a cormcalcitriol (33) . pathway. In addition, consistent with our earlier observaNot accounted for by these hypotheses is the slight but conon IL-2 production (4) (36) , perhaps resulting in more rapid, efficient T cell activation. Increases in cytoplasmic-free calcium have been implicated in both initial T cell activation (37, 38) as well as IL-1 production by monocytes (39) . Recent work has demonstrated that calcitriol can induce rapid increases in cytoplasmic-free calcium (40) , which suggests a mechanism that could account for either of these activities. Since induction of TfR expression on T cells is dependent on an interaction of IL-2 with its receptor (27) , the augmentation in TfR mRNA observed with calcitriol at 6 and 12 h may be a consequence of increased IL-2 message and subsequent IL-2 production. Alternatively, calcitriol could directly effect this biphasic response on all the genes involved in T cell activation that are susceptible to its action.
These data demonstrate the specificity of calcitriol in modulating T cell activation and proliferation as well as lymphokine production. The conversion by monocytes and macrophages of 25-hydroxyvitamin D3 into calcitriol may therefore represent a negative feedback loop on T cell proliferation and IFN-'y production. Once adequate levels of macrophage activation are achieved, local production of calcitriol may regulate T lymphocyte-driven immune reactivity and inflammation. Calcitriol may thus be unique as a steroid hormone produced both by and for cells of the immune system.
